Erle DJ, Zhen G. Intelectin is required for IL-13-induced monocyte chemotactic protein-1 and -3 expression in lung epithelial cells and promotes allergic airway inflammation.
lectin; chemokine; asthma ASTHMA IS AN INCREASINGLY common disease with a worldwide impact on health care systems (8) . Asthma is characterized by T-helper type 2 (Th2) airway inflammation, mucus overproduction, airway hyperreactivity (AHR), and peribronchial fibrosis. A number of chemokines such as monocyte chemotactic protein (MCP)-1 and -3 and RANTES (regulated on activation, normal T cells expressed and secreted) play essential roles in asthmatic airway inflammation (15) . These chemokines can be secreted by airway epithelial cells and alveolar macrophages, and are responsible for the recruitment of inflammatory cells from the vascular compartment to the lung (1, 6, 19, 21, 22) . The Th2 cytokine IL-13, which is a critical mediator of allergic airway disease (7, 27) , has been shown to induce the expression of MCP-1 and -3 in mouse lung and human bronchial epithelial cells (2, 9) . The mechanism by which IL-13 induces the expression of these chemokines in asthmatic airway remains unclear.
Intelectins are IL-13-inducible lectins that are produced by epithelial cells in the airway and the intestine (10, 30) . We have shown that IL-13 stimulates intelectin expression in mouse airway in vivo and in cultured human bronchial epithelial cells (30) . Furthermore, intelectin expression was found to be increased in bronchial epithelial cells from asthmatic subjects (12) . Recently, it has been reported that a single-nucleotide polymorphism in intelectin-1 is associated with increased asthma risk (18) . These findings indicate that intelectin may play a role in the pathogenesis of asthma.
Intelectin was first reported to be expressed in small intestinal Paneth cells in mice (10) . There are two intelectin genes, intelectin-1 and -2, in mouse and human. These genes are highly homologous to a Xenopus oocyte granule lectin (13, 17) . The cDNA sequence for mouse intelectin-1 and -2 have 94% identity (17) . Human intelectin-1 is also known as omentin (20) and as intestinal lactoferrin receptor (23) since it is found in human omental adipose tissue and can bind to human lactoferrin. Human intelectin-1 is a soluble lectin that recognizes galactofuranose in carbohydrate chains of bacterial cell wall, indicating that intelectin may play a role in immune defense against bacteria (24) . Intelectin has also been implicated in clearance of intestinal nematode parasite infestations. Intelectin-1 and -2 expression is increased in small intestine of resistant BALB/c mice after nematode parasite infection, whereas intelectin-2 gene is either lacking or not increased in susceptible mouse strains (3, 17) . Interestingly, Th2 inflammation is essential for clearing intestinal parasite infection (25) . Since intelectin expression is increased during Th2 response in both asthma and parasite infection, we hypothesized that intelectin plays a role in asthmatic airway inflammation by regulating chemokine expression.
To test our hypothesis, we examined the kinetics of intelectin-1 and -2 and MCP-1 and -3 expression and the localization of intelectin protein in a mouse allergic asthma model. We used RNA interference to determine whether intelectin is involved in the upregulation of MCP-1, MCP-3, and RANTES after IL-13 treatment of mouse lung epithelial cells and allergen-induced airway inflammation. The results support a role for intelectin in IL-13-mediated increases in expression of the chemokines MCP-1 and -3 and allergic airway inflammation.
MATERIALS AND METHODS
Mouse allergic asthma model and airway transfection with short hairpin RNA. All procedures and protocols were reviewed and approved by the Animal Care and Use Committee at Tongji Medical College of Huazhong University of Science and Technology. FVB/NCrl mice (Charles River Laboratories) were used for the allergic asthma model. The procedure has been described in previous studies (12) . In brief, mice were sensitized by intraperitoneal administration of ovalbumin (OVA) mixed with adjuvant three times at weekly intervals (day 0, 7, 14) . Control mice received adjuvant alone. Beginning 1 wk after the last injection, mice were challenged three times by intranasal administration of OVA at daily intervals (day 21, 22, 23) . Control mice were challenged with PBS alone.
For airway transfection with shRNA, mice were divided into three groups: unsensitized mice treated with control short hairpin RNA (shRNA) plasmid and challenged with PBS (control group); OVAsensitized and -challenged mice treated with control shRNA plasmid and challenged with OVA (OVA group); or OVA-sensitized and -challenged mice treated with intelectin shRNA plasmid and challenged with OVA (OVA ϩ shRNA group). Twenty micrograms of control or intelectin shRNA plasmids were complexed with ExGen500 (Fermentas) and 5% glucose, and a total volume of 40 l was instilled intranasally into an anesthetized mouse 24 h before each of the three PBS or OVA challenges. Mouse lungs were harvested 24 h after PBS or OVA challenges for bronchoalveolar lavage (BAL), quantitative RT-PCR, and histology.
Construction and screening of plasmids expressing shRNA. PGCsi 3.0 vector (Genechem, China) was used to construct plasmids for the expression of shRNAs under the control of the human U6 promoter. A 21-nt sense sequence and the reverse complement of the same sequence (antisense) separated by a short hairpin spacer (loop) were cloned downstream of U6 promoter in the PGCsi 3.0 vector. Six thymidines were used as the termination signal. All constructs were sequenced to confirm identity. Three intelectin shRNAs designed to target different conserved sequences in mouse intelectin-1 and -2 were screened by determining the levels of intelectin transcripts after transfection of MLE12 cells with these plasmids. One of the three designed intelectin shRNAs significantly inhibited the basal level of both intelectin-1 and -2 transcripts in MLE12 cells (data not shown) and was used for all shRNA experiments presented here. The sequence of this intelectin shRNA (sense strand) was: 5Ј-AAGGAAAGTGTTGGACTGACATTCAAGACGTGTCAGTC-CAACACTTTCCTT-3Ј. A control shRNA plasmid designed not to target any mouse genes was used for comparison. The sequence of control shRNA (sense strand) was: 5Ј-AAAAGAGGCTTGCACAGTG-CATTCAAGACGTGCACTGTGCAAGCCTCTTTT-3Ј.
MLE12 cell culture, transfection with shRNA, IL-13, and galactose treatment. MLE12 cells (CRL-2110, American Type Culture Collection) were cultured in DMEM/F-12 medium (Hyclone) in six-well plates and divided into three groups: cells transfected with control shRNA plasmid and cultured in the absence of IL-13 (control group); cells transfected with control shRNA plasmid and cultured in IL-13-containing medium (IL-13 group); or cells transfected with intelectin shRNA plasmid and cultured in IL-13-containing medium (IL-13 ϩ shRNA group), n ϭ 4 wells/group. When cells were 90% confluent, 4 g of intelectin shRNA or control shRNA plasmid in 250 l of Opti-MEM medium was mixed with 10 l of Lipofectamine 2000 (Invitrogen) diluted in 240 l of medium and added to each well. Five hours later, the media were substituted with DMEM/F-12 with or without IL-13 (20 ng/ml). Fortyeight hours later, cells were harvested for quantitative RT-PCR and Western blot, and the media were collected for ELISA. For inhibition of intelectin with galactose, galactose (Sigma) was added to the medium (final concentration 30 mM) 1 h before IL-13 treatment. For inhibition of ERK1/2 pathway, PD-98059 (Sigma) was added to the medium (final concentration 30 M) 1 h before IL-13 treatment.
Quantitative RT-PCR. Total RNA from mouse lungs and MLE12 cells was isolated using TRIzol (Invitrogen). First-strand cDNA synthesis was performed using PrimeScript RT reagent kit (Takara, Japan). Sybr Green real-time PCR was performed for mouse intelectin-1, intelectin-2, MCP-1, MCP-3, and RANTES using Perfect Real Time kit (Takara, Japan). The primers for intelectin-1 were 5Ј-TGACAATGGTCCAG-CATTACC-3Ј and 5Ј-ACGGGGTTACCTTCTGGGA-3Ј. The primers for intelectin-2 were 5Ј-GCGCTTGGGCCATAATCTGT-3Ј and 5Ј-CGGCCAGAGGGAGAGTAATAA-3Ј. The sequences of the primers for MCP-1, -3, and RANTES were obtained from Primer Bank (http:// pga.mgh.harvard.edu/primerbank/). Real-time PCR was performed using SYBR Premix Ex Taq polymerase (Takara, Japan) and Rotor-Gene 3000 (Corbett Research, Australia). The cycle threshold (Ct) of each mouse gene transcript was normalized to the Ct of mouse ␤-actin. Fold differences were determined by the 2
Ϫ⌬⌬Ct method (14) . Western blotting. Mouse lungs and MLE12 cells were harvested at the indicated time points, washed twice with cold PBS, and lysed in M-PER Mammalian Protein Extraction Reagent with PMSF (Pierce Biotechnology). After 10 min on ice, lysates were centrifuged at 15,000 g for 15 min to remove insoluble material. Fifty micrograms of protein samples were resolved on 10% SDS-PAGE and transferred and immunoprobed with chicken antibody against intelectin (1:500). The intelectin antibody was raised against a peptide containing a sequence that is completely conserved between mouse intelectin-1 and -2 (4). The antibody was kindly provided by Dr. Alan Pemberton (Div. of Veterinary Clinical Sciences, Univ. of Edinburgh, Roslin, UK). Antibody was detected using peroxidase-conjugated rabbit antichicken IgY (1:10,000, Sigma) followed by ECL Western blot detection reagent (Pierce Biotechnology). Blots were stripped and then reprobed for ␤-actin (1:5,000, Santa Cruz Biotechnology). Densitometry was performed using ImageJ (National Institutes of Health), and the protein level of intelectin was indexed to ␤-actin. For phosphorylated ERK and total ERK Western blotting, rabbit polyclonal phosphorylated ERK antibody (1:200, Santa Cruz Biotechnology) and total ERK antibody (1:200, Cell Signaling Technology) were used.
Immunohistochemistry and Alcian blue staining. Mouse lungs were fixed for 5 min by instillation of 4% paraformaldehyde-PBS (Sigma) through a tracheal catheter at a transpulmonary pressure of 15 cmH 2O, and lungs were fixed in 4% paraformaldehyde-PBS overnight. Fivemicrometer-thick sections were used for immunohistochemistry with chicken antibody against intelectin (1:500) and control chicken IgY (R&D Systems). The peroxidase-conjugated rabbit anti-chicken IgY (1:750, Sigma) was used as the secondary antibody. Antibodies were detected using the DAB kit (Zhongshan Goldenbridge Biotechnology, China) as directed by the manufacturer. Lung sections were also stained with 1% Alcian blue (pH 2.5, Sigma) for detection of mucus.
Assessment of airway inflammation. BAL fluid eosinophils were measured as previously described (12) . Paraffin-embedded 5-m lung sections were stained with H&E. The severity of peribronchial inflammation was scored by a blinded observer using the following features: 0, normal; 1, few cells; 2, a ring of inflammatory cells one cell layer deep; 3, a ring of inflammatory cells two to four cells deep; 4, a ring of inflammatory cells of Ͼ4 cells deep (16) .
ELISA for MCP-1 and MCP-3. Mouse MCP-1 and -3 concentrations in MLE12 cell culture supernatants were determined using commercially available ELISA sets (R&D Systems). ELISA was performed according to the manufacturer's instructions. All samples and standards were measured in triplicate.
Statistical analysis. Data are presented as means Ϯ SE. Differences between groups were assessed by one-way ANOVA analysis followed by Student-Newman-Keuls test. Statistical difference was accepted at P Ͻ 0.05.
RESULTS
Intelectin-2 and MCP-1 and -3 are rapidly upregulated after airway allergen challenge. We first determined the kinetics of intelectin-1 and -2 and MCP-1 and -3 expression in mouse lung after sensitization and challenge with OVA. We measured expression of these genes in lung at 0, 2, 4, 8, and 24 h after a single OVA challenge of sensitized mice by quantitative RT-PCR and Western blot analysis. We found that intelectin-1 transcripts were increased 24 h after the OVA challenge (Fig. 1A) . However, intelectin-2 transcripts were increased very early (within 2 h), and this increase was sustained at later time points (4, 8 , and 24 h; Fig. 1B ). Intelectin-1 and -2 mRNA remained elevated after three OVA challenges (24 h after the last of 3 daily OVA challenges, data not shown). Western blotting with an antibody that recognizes identical sequences in intelectin-1 and -2 showed that the amount of intelectin protein was significantly increased after three OVA challenges (Fig.  1D ). Similar to intelectin-2 mRNA expression, MCP-1 and -3 transcripts were also increased by 2 h after a single OVA challenge. MCP-1 and -3 transcripts peaked at 4 h and remained elevated at 8 and 24 h (Fig. 1C) . Our findings indicate that the expression of intelectin-1 and -2 and MCP-1 and -3 are upregulated in the lung after OVA challenge. Also of note, intelectin-2 and MCP-1 and -3 are all rapidly upregulated at a very early stage after OVA challenge.
The expression of intelectin protein is localized to airway mucous cells. Next we determined the localization of intelectin protein in mouse lung. Intelectin has been shown to be expressed in mouse intestinal Paneth and goblet cells (10, 17) and sheep airway mucous cells (4) . To examine the localization of intelectin protein in mouse OVA asthma model, we performed immunohistochemical staining using an antibody against both intelectin-1 and -2. We also did Alcian blue staining to detect mucus-containing cells in mouse lung sections. We could not detect staining for intelectin in control mouse lungs (Fig. 2, A  and E) . Alcian blue staining was also absent in control mouse lungs (Fig. 2, C and E) . However, staining for intelectin was detected in a subset of airway epithelial cells with mucous cell morphology in the lungs from mice sensitized and challenged with OVA (Fig. 2B) . Furthermore, intelectin staining was seen in the same regions stained with Alcian blue on consecutive lung sections (Fig. 2, D and F) . Our data indicate that intelectin is expressed in airway mucous cells in a mouse allergic asthma model.
Intelectin is required for IL-13-induced MCP-1 and -3 expression in mouse lung epithelial cells. Since MCP-1 and -3 have been reported to be secreted by airway epithelial cells and intelectin is also expressed in airway epithelium, we next used a mouse lung epithelial cell line, MLE12, to examine whether intelectin is involved in the production of these chemokines. We first examined the expression of intelectin-1 and -2 in MLE12 cells after IL-13 treatment. We found that both intelec- tin-1 and -2 transcripts and protein were significantly increased at 48 h after IL-13 treatment (Fig. 3) . After transfection with intelectin shRNA targeting conserved sequences in intelectin-1 and -2, expression of both intelectin-1 and -2 transcripts in IL-13-stimulated cells was reduced to levels similar to those seen in cells not stimulated with IL-13 (Fig. 3A) . In a separate experiment, we confirmed that IL-13-induced intelectin protein expression was also inhibited after intelectin shRNA transfection by Western blot (Fig. 3B) .
We used the MLE12 system to determine whether intelectin plays a role in IL-13-induced chemokine expression. Using quantitative RT-PCR, we found that the transcript levels of MCP-1, MCP-3, and RANTES were significantly increased following 48 h of IL-13 treatment (Fig. 4A) . Using ELISA, we confirmed that the concentrations of MCP-1 and -3 in the media from the IL-13 group were significantly higher than the control group (Fig. 4B) . Remarkably, the IL-13-induced MCP-1 and -3 mRNA expression was completely prevented in the cells transfected with intelectin shRNA (Fig. 4A ). In contrast, mRNA encoding another chemokine, RANTES, was still induced by IL-13 in intelectin shRNA-treated cells (Fig. 4A) , indicating that some aspects of the IL-13 response were not completely intelectin dependent. MCP-1 and -3 ELISAs indicated that IL-13-induced MCP-1 and MCP-3 protein production was also inhibited by intelectin shRNA (Fig. 4B) . Pretreatment of MLE12 cells with galactose, which binds intelectin and can be used as an inhibitor of intelectin (24), also inhibited IL-13-induced MCP-1 and -3 mRNA expression (Fig. 4C) . These data indicate that intelectin is required for IL-13-induced MCP-1 and -3 expression in mouse lung epithelial cells.
IL-13-induced MCP-1 and -3 expression is mediated by the ERK1/2 pathway, and intelectin is required for the IL-13-induced ERK1/2 activation.
Since ERK1/2 signaling pathway has been implicated in IL-13-induced MCP-1 expression in bronchial epithelial cells (9), we examined whether ERK1/2 pathway is involved in IL-13-induced MCP-1 and -3 expression in MLE12 cells. We found that PD-98059, an inhibitor of ERK1/2, blocked IL-13-induced MCP-1 and -3 expression in MLE12 cells (Fig. 5A) . Furthermore, IL-13 stimulation increased ERK1/2 phosphorylation, and intelectin shRNA transfection inhibited IL-13-induced ERK1/2 phosphorylation (Fig.  5B) . Signal transducer and activator of transcription 6 (Stat6) is believed to be a critical signaling molecule mediating the biological effects of IL-13 (11, 29) . We found that intelectin shRNA transfection did not inhibit IL-13-induced Stat6 phosphorylation (data not shown). These data indicate that the ERK1/2 pathway mediates IL-13-induced MCP-1 and -3 expression, and that intelectin expression is required for IL-13-induced ERK1/2 activation in mouse lung epithelial cells. Therefore, intelectin may participate in IL-13-induced MCP-1 and -3 expression, at least in part, through contributing to ERK1/2 activation.
Inhibition of intelectin expression attenuates allergic airway inflammation. Since intelectin participates in the expression of chemokines MCP-1 and -3, we asked whether intelectin is involved in in vivo allergic airway inflammation. To address this question, mouse airway was transfected with intelectin shRNA 24 h before each OVA challenge. We found that intelectin shRNA transfection inhibited the increase of intelectin-1 and -2 transcript levels after three OVA challenges by 72% and 59%, respectively, when compared with OVA-challenged mice transfected with control plasmid (Fig. 6A) . Intelectin shRNA transfection also inhibited the increase of MCP-1 Fig. 6 . Inhibition of intelectin expression attenuates OVA-induced airway inflammation. Unsensitized mice were transfected with control shRNA plasmid 24 h before each PBS challenge (control). OVA-sensitized mouse was transfected with control shRNA plasmid 24 h before each OVA challenge (OVA) or transfected with intelectin shRNA plasmid before each OVA challenge (OVA ϩ shRNA). Mouse lungs were harvested 24 h after OVA challenges. Intelectin-1, intelectin-2, and MCP-1 and -3 transcript expression in mouse lung was measured by quantitative RT-PCR (A). Fold difference was calculated relative to expression in control group. BAL fluid was collected, and eosinophils were counted (B). Lung sections were stained with H&E (C, D, E), and lung inflammation scores (F) were calculated as described in MATERIALS AND METHODS. Results shown are means Ϯ SE for 4 -6 mice in each group. **P Ͻ 0.01 compared with control group, †P Ͻ 0.05 compared with OVA group. Original magnification, ϫ200. and -3 transcript levels (Fig. 6A) . The number of eosinophils in BAL fluid from OVA-challenged mice was decreased by 76% after intelectin shRNA transfection when compared with control shRNA transfection (Fig. 6B) . Histological analysis revealed that inflammatory cell infiltration around conducting airways was ameliorated after intelectin shRNA transfection (Fig. 6, C, D, and E) . Evaluation of airway inflammation with inflammation score also confirmed that transfection of airway with intelectin shRNA inhibited inflammatory cell infiltration around airways (Fig. 6F) . These data indicate that intelectin is involved in allergic airway inflammation.
DISCUSSION
Chemokines such as MCP-1 and -3 are responsible for the migration of inflammatory cells and play crucial roles in asthmatic airway inflammation (6, 22) . In the present study, we demonstrate that intelectin-2 and MCP-1 and -3 are upregulated very early after allergen challenge in the lung in a mouse allergic asthma model. The expression of intelectin protein is localized to mouse airway mucous cells. For the first time, we show that intelectin is required for IL-13-induced ERK1/2 activation and MCP-1 and -3 expression in mouse lung epithelial cells, and that inhibition of intelectin expression attenuates allergic airway inflammation.
We found that expression of intelectin-2 mRNA as well as MCP-1 and -3 mRNAs were increased very early (within 2 h) in mouse lung after allergen challenge. Consistent with this, we previously found that intelectin mRNA expression was increased in mouse lungs and human bronchial epithelial cells rapidly (within 2 h) after IL-13 treatment (30) . The early upregulation of MCP-1 expression after OVA challenge was suggested to be an upstream signal in asthmatic inflammatory process and may be involved in the regulation of expression of other chemokines. In support of this, administration of anti-MCP-1 neutralizing antibody during early stages of OVA treatment significantly reduced the number of monocytes and eosinophils and abolished T lymphocyte accumulation in the lung and decreased AHR by 70% after OVA challenge in a mouse asthma model (6) . MCP-3 also plays a significant role in allergen-induced eosinophilic inflammation of airway since pretreatment of mice with an anti-MCP-3 antibody significantly inhibited OVA-induced airway inflammation and BAL eosinophilia (22) .
The airway epithelial cells play important roles in asthmatic airway inflammation by producing chemokines such as MCP-1, MCP-3, and RANTES (9, 19, 21) . In this study, we show that intelectin expression is localized to mouse airway mucous cells. Our finding is consistent with a previous study showing that intelectin is expressed in sheep airway mucous cells after IL-4 treatment (4). Intelectin has also been shown to be expressed in mouse intestinal Paneth cells and goblet cells (10, 17, 28) .
Since intelectin and the chemokines are produced by airway epithelial cells, we used MLE12 cells, a mouse lung epithelial cell line, to investigate the role of intelectin in IL-13-induced chemokine expression. IL-13, a Th2 cytokine, is a critical mediator of allergic airway disease (7, 27) . IL-13 treatment increased MCP-1, -3, and RANTES expression in MLE12 cells. IL-13 also stimulated intelectin-1 and -2 expression in MLE12 cells. Using RNA interference and galactose, an inhibitor of intelectin, we showed that intelectin is required for IL-13-induced MCP-1 and -3 expression at both mRNA and protein levels. To our knowledge, this is the first study showing that intelectin mediates IL-13-induced upregulation of MCP-1 and -3.
Since the ERK1/2 pathway has been previously implicated in regulating IL-13-induced MCP-1 production in bronchial epithelial cells (9), we examined the possibility that intelectin might participate in IL-13-induced MCP-1 and -3 expression via effects on ERK1/2 activation. Consistent with this possibility, we found that ERK phosphorylation was inhibited by intelectin RNA interference and that ERK activity was required for IL-13-induced MCP-1 and -3 expression in MLE12 cells. Stat6 is a critical signaling molecule mediating the biological effects of IL-13 (11, 29) . IL-13 has been shown to induce MCP-1 expression in a Stat-6 dependent manner in human umbilical vein endothelial cells (5) . However, inhibition of intelectin expression did not inhibit IL-13-induced Stat6 activation. The mechanism by which intelectin contributes to ERK pathway activation is not yet known.
Furthermore, we demonstrate that inhibition of intelectin expression by RNA interference attenuates OVA-induced allergic airway inflammation. After airway transfection with intelectin shRNA, the increase of intelectin-1 and -2 transcript levels after OVA challenges was inhibited by 72% and 59%, respectively, and the increase of MCP-1 and -3 was also inhibited. The number of eosinophils was decreased by 76% in BAL fluid retrieved from OVA-challenged mice after intelectin shRNA transfection. Meanwhile, inflammatory cell infiltration around conducting airway of OVA-challenged mice was ameliorated. Our findings indicate that intelectin, a molecule produced by airway epithelial cells, plays an important role in allergic airway inflammation. A recent study shows that there is no difference in the numbers of eosinophils and basophils in lungs among intelectin-1 and intelectin-2 transgenic mice and littermate control (26) , indicating that overexpression of intelectin-1 or intelectin-2 alone is not sufficient for airway inflammation, and suggesting that intelectin works together with other allergen-induced mediators to induce eosinophilic inflammation.
In summary, our findings indicate that intelectin is expressed in allergic airway epithelium. Intelectin plays a critical role in the production of MCP-1 and -3 by airway epithelial cells and participates in allergen-induced airway inflammation. Since MCP-1 and -3 are essential chemokines involved in the Th2 inflammation in asthma and intestinal parasite infection, intelectin could be a candidate target in the treatment of these disorders. Further investigations of the therapeutic utility of intelectin intervention in animal models of asthma or intestinal parasite infection are warranted.
